We present a full configuration interaction study of Be N ͑N =2,3,4,5͒ linear chains. A comparative study of the basis-set effect on the reproduction of the energy profile has been reported. In particular, the 3s1p, 4s2p, 4s2p1d, 5s3p2d, and 5s3p2d1f bases were selected. For the smallest chains ͑i.e., Be 2 and Be 3 ͒, smaller basis sets give dissociative energy profiles, so large basis set is demanded for the reproduction of equilibrium minima in the structures. For Be 4 and Be 5 linear chains, the energy profiles show a minimum also by using the smallest basis sets, but the largest ones give a much stronger stabilization energy. For all the structures, two spin states have been studied: the singlet and the triplet. It is shown that the energy separation of the two states, in the equilibrium region, is small and decays exponentially with respect to the number of atoms in the chain. Finally an interpolative technique allowing for the estimation of the long-chain parameters from shorter ones is presented.
I. INTRODUCTION
The interest in linear atomic structures has grown enormously in the past years since it became possible to synthesize one-dimensional electron systems at stepped surfaces. [1] [2] [3] [4] [5] A very common feature of these systems is the presence of edge or end orbitals at the two extremities. They correspond, in a one-electron formalism, to the "surface states" introduced by Tamm and Shockley long ago. 6 It should be stressed that the expression surface states are to be understood in the context of a one-electron approximation: strictly speaking, any electronic state of an extended system involves all the system electrons. Edge effects, for instance, have been predicted in graphene nanoribbons, 7, 8 and this can produce a large variety of interesting electric and magnetic behaviors. 9 In one-dimensional systems, these states have been detected, for instance, in gold atomic chains deposited on silicon surfaces. 5 For a discussion of the phenomenon of end orbitals in the case of a one-electron Hückel Hamiltonian, see Ref. 10 . We present in this article a full configuration interaction ͑FCI͒ study concerning the peculiar electronic structure of linear beryllium chains Be N . In particular, in the present study, we considered values of N ranging from 2 to 5. Beryllium was chosen because of its small number of electrons ͑4͒, a fact that permits a high-level quantum description of chains containing several atoms. Preliminary calculations on elements belonging to groups 2 and 12, however, indicate that this behavior could be a rather general one, shared by other metals of these groups.
Beryllium is a metallic divalent species. In the isolated atom, its electronic configuration is 1s 2 2s 2 . This is a closedshell structure, somewhat reminiscent of a rare gas, and for this reason this species is not very reactive. In particular, beryllium has a relatively large ionization potential, and the isolated atom does not support any stable anionic state. However, the empty 2p orbitals are close in energy to the occupied 2s one. 11 For this reason, and having two valence electrons, beryllium is able to form two collinear molecular bonds through the formation of two hybrid sp orbitals. This is the case, for instance, of the well known linear species BeH 2 .
We recently performed an ab initio study on linear metal chains by varying the internuclear distance in order to investigate the transition from an insulating wave function to a metallic one. 12, 13 A detailed discussion of the results of this study in the case of Be N will be reported elsewhere. In this work, we focus our attention on the formation, close to the equilibrium interatomic distance, of two partially occupied edge orbitals. This fact implies the presence of two quasidegenerate low-lying states, a singlet and a triplet. In a preliminary investigation, 14 this behavior was found in the case of several beryllium chains studied at different levels of theory. In particular, multireference CI ͑MRCI͒ and multireference perturbation theory methods are needed in order to study long chains with appropriate basis sets. However, because of the smallness of the interaction energy, it is difficult to obtain a well balanced treatment for different values of the interatomic distance. For this reason, FCI results are very useful, since they can be used as a benchmark for approximated methods. Indeed, in the case of "difficult" molecular systems, the ͑valence͒ FCI method gives certainly the most reliable description. Within this formalism, the wave function is expanded in the linear space of all the Slater determinants arising from any possible excitation of the electrons from ͑valence͒ occupied orbitals into virtual orbitals. The problem with this approach is that it is restricted to the treatment of a͒ small basis sets and a limited numbers of atoms. For instance, in the case of linear Be N , the largest case we were able to treat with our FCI algorithm 15, 16 was Be 5 with a rather small ͑3s1p͒ atomic basis set. Even for such a small case, the size of the valence FCI space is almost half a billion of symmetry-adapted Slater determinants.
In this article, it will be shown that the electronic structure of an equally spaced linear Be N chain depends in a critical way on the interatomic distance R. At large distances, the beryllium atoms interact through van der Waals ͑vdW͒ interactions. Close to the equilibrium distance, the beryllium atoms are bonded by Be-Be single bonds, while two singly occupied orbitals are located at the chain extremities. They are an instance of Shockley states. 6 Because of the quasidegeneracy of the edge orbitals, the two unpaired electrons there located give rise to two quasidegenerate states: a singlet 1 ⌺ g + and a triplet 3 ⌺ u + . The energy split decays exponentially as a function of the number of atoms in the chain, and for N = 5 is of the order of magnitude of a millihartree. It should be noted that this picture is true for an isolated system: for a chain adsorbed on a surface, due to the smallness of the split, singlet and triplet states would most likely mix together via spin-orbit and spin-spin interactions.
In the present work, we discuss FCI results on linear beryllium chains up to Be 5 , obtained, whenever possible, by using several basis sets. As atomic orbitals ͑AOs͒, an averaged natural orbital ͑ANO͒ basis set 17 with different contractions was chosen, as discussed later. In a subsequent work, these results will be used to assess the quality of complete active space self-consistent-field ͑CAS-SCF͒, truncated-CI, and perturbative approaches. This will permit us to investigate the behavior of much longer chains, which are clearly beyond the possibilities of a FCI treatment. This article is organized as follows. In Sec. II, the details of computations are given, and the basis sets used for the different chains are illustrated. In Sec. III, the energy results for the different chains are presented and discussed. Section IV deals with the presence of edge orbitals, and the singlet-triplet quasidegeneracy that arises from these orbitals is discussed. In Sec. V, the problem of extrapolating short-chain results to much longer systems is addressed. Finally, in Sec. VI, some concluding remarks are drawn.
II. COMPUTATIONAL DETAILS
We studied equally spaced linear chains containing N beryllium atoms for several values of N. The behavior of these systems while permitting independent bond length relaxations has also been considered in a separate work. It turned out that, at equilibrium, the different bond lengths coincide within a few percent. Therefore, for the sake of simplicity, only identical bond lengths have been considered in this work. The SCF calculations were done using the DAL-TON 2.0 ab initio package, 18 which was also used to produce the file containing the one-and two-electron integrals computed on the AOs. The FERRARA four-index transformation 19 was subsequently used to transform AO integrals to the molecular orbital ͑MO͒ basis set. The FCI calculations were performed using the BOLOGNA FCI code. 15, 16 The FCI pro-gram is interfaced to the DALTON and the FERRARA transformation codes via the Q5Cost library. [20] [21] [22] The Gaussian ANO basis sets optimized by Widmark et al. 17 were used in this work. In particular, a series of five contractions of increasing size ͑3s1p, 4s2p, 4s2p1d, 5s3p2d, and 5s3p2d1f͒ was selected. Because of the size of the FCI spaces, we were able to use all these basis sets in the case of Be 2 only. Smaller basis sets were used on the longer chains, and in the case of Be 5 the only basis that could be used was the 3s1p one.
Equally spaced linear chains have a D ϱh symmetry. However, due to the restriction to use Abelian symmetry groups in the FCI code, all the calculations were performed in the subgroup D 2h . In Table I , the size of the basis sets and the FCI spaces ͑in D 2h ͒ are reported for the different chains and basis sets considered in the study. We notice that, in the FCI calculations, all the 1s orbitals were kept frozen at the SCF level and doubly occupied. This means that the N lowest-energy orbitals are omitted from the FCI orbitals for each calculation. Our largest calculations, Be 5 with the 3s1p basis set and Be 4 with 4s2p, are associated with FCI spaces of almost half a billion of symmetry-adapted Slater determinants. For this reason, only a limited set of distances was considered in these cases.
III. FCI RESULTS FOR BERYLLIUM CHAINS
The results obtained on small beryllium chains ͑N =2, 3, 4, and 5͒ are presented in this section. We discuss the chain energies as a function of the basis set, and different values of the interatomic distance between nearest neighbors R and number of Be atoms N. In all cases, the ground state is a totally symmetric singlet state 1 ⌺ g + . It turns out that the first excited state is an antisymmetric triplet state 3 ⌺ u + . It becomes quasidegenerate with the ground state for distances close to the energy minimum in the case of the largest chains. Other low-lying excited states are worth to be considered. In particular, two charge-transfer states, the ionic 1 ⌺ u + state and the second 1 ⌺ g + state, can be obtained with different fillings of the two edge orbitals. These states are likely to play a special role, however, only in the presence of a longitudinal electric field, which could in some case even affect the energy ordering of the states. ͑Notice that a longitudinal field lowers the system symmetry group to C ϱv , and the states are no longer associated to g and u symmetries.͒ The behavior of the system in the presence of an electric field is beyond the scope of this investigation, and will be the subject of future works. In this article, we focus our attention on the singlet ground state 1 ⌺ g + and the first triplet excited state 3 ⌺ u + only. In the case of Be 2 , a fairly complete basis set study is possible. In Fig. 1 , we report the energy curves obtained with the 3s1p, 4s2p, 4s2p1d, 5s3p2d, and 5s3p2d1f basis. It appears that the energy profile is extremely sensitive to the quality of the basis set used for the calculation. This is a well known characteristic of this weakly bonded species. [23] [24] [25] By using the smallest basis sets 3s1p and 4s2p, the energy curve is essentially repulsive ͑except for an extremely flat vdW minimum at large distance͒. It is the introduction of the first d set of orbitals that dramatically changes the energy curve, giving rise to a shallow minimum around R = 5 bohr. The depth of the minimum is further increased by using the two largest basis sets, although the curve modification is only tiny in these cases. In Fig. 2 , the best energy curves of the lowest singlet and triplet states of Be 2 are reported. They have been obtained by using the largest basis set 5s3p2d1f. Both species are bonded, with respect to the corresponding dissociation limit, the triplet in a substantially strongest way. The minima of the two species, estimated from the potentialenergy curves by using an exponential spline interpolation technique, occur at about R = 4.75 bohr for the singlet and R = 4.00 bohr for the triplet. The energy split in the region of the minima is relatively large, being close to 0.02 hartree.
Similar studies have been performed and are presented for Be 3 ͑Figs. 3 and 4͒, Be 4 ͑Figs. 5 and 6͒, and Be 5 ͑Fig. 7͒. Although only the smallest basis sets can be used for the longest chains, the effect of the basis appears to be extremely important regardless of the value of N. In particular, the introduction of the first d orbital has a dramatic effect on Be 2 and Be 3 . The singlet minimum becomes deeper and deeper as N is increased, the equilibrium distance converging to a value close to R = 4.25 for large values of N. A barrier to dissociation is present, close to the distance of R = 5 bohr if the smallest basis sets are used. In the case of large basis sets, this barrier disappears. Therefore, because of the dependence on the basis set size, this feature appears to be merely artifactual. For longer chains, the triplet energy profile becomes closer and closer to the singlet one in the region of the minimum, while the energy curves are well split apart for relatively large values of R. It appears from these pictures that the short-distance singlet and triplet states quickly become quasidegenerate for large values of N, a fact that will be discussed in detail in Sec. IV.
In Table II we report, for each chain and basis set, the interpolated equilibrium energies E S and E T , the corresponding equilibrium distances R S and R T , the singlet dissociation ͑or fragmentation͒ energy D S , and the singlet-triplet energy split ⌬ ST . As previously stated the parameters have been interpolated by using an exponential spline technique. The crucial role played by d orbitals for Be 2 and Be 3 is confirmed: With the 3s1p and 4s2p basis sets, these species show only a tiny vdW minimum at long distance. The singlet-triplet energy split at equilibrium becomes very small for the largest values of N. It is strongly dependent on the basis-set quality, the largest basis sets giving the smallest split values. The triplet equilibrium distance is systematically shorter than the singlet one. This is probably due to the fact that the dissociation limits of the triplets are much higher in energy than the corresponding limits of the singlets, as discussed later. However, as far as the singlet and triplet states become degenerate in the equilibrium region, R S and R T tend to coincide. The singlet fragmentation energy is very small for Be 2 and becomes progressively larger for the longest chains. Moreover, this quantity is extremely sensitive to the basis set used and is strongly increased when the largest basis sets are employed.
Because of the crucial dependence of the ͑singlet͒ energy well minimum on the presence of d functions in the expansion basis set, we also compared our FCI values for the Be 5 chain with the MRCI results obtained with the 5s3p2d1f basis set. 12 In particular in this case a minimum for the singlet is found at a Be-Be distance of 4.189 bohr. The chain is characterized by a fragmentation energy of 0.0327 hartree. The singlet-triplet splitting results in 2.91ϫ 10 −4 hartree, while the triplet equilibrium distance is 4.186 bohr. These results globally confirm the shape of the curve on the minimum region as well as the existence of the singlet-triplet quasidegeneracy. Anyway, it has to be underlined that approximated ͑truncated-CI͒ methods tend systematically to overestimate the fragmentation energy due to the difficulty to correctly treat the dissociation region. A more systematic study of the behavior of different approximated methods will be the subject of a forthcoming paper.
As far as the long-distance behavior of the triplet is concerned, one may guess that this state dissociates to a manifold of N degenerate states. These triplets are symmetry combinations of a triplet on one beryllium atom with N −1 singlets on the other atoms. Therefore their energy is given by E T ͑1͒ + ͑N −1͒E S ͑1͒, where E T ͑1͒ and E S ͑1͒ are the energies of an isolated beryllium atom in the triplet and singlet states, respectively. This fact has been confirmed by the computation of the excited state for the triplet state at the dissociation limit in the case of Be 4 . At the equilibrium, on the contrary, the first triplet excited state is much higher in en- ergy. As an example, in the case of Be 4 , the FCI energy difference between the lowest and the first excited triplet is about 0.08 hartree ͑with the 3s1p basis set͒. FCI energies are often used as benchmark values for approximated methods. For this reason, we report in this work FCI energy values at a distance close to the minimum and at the dissociation. In Table III , FCI total energies are reported, for all the chains and the basis sets used, at a distance of R = 4.25 bohr ͑singlet and triplet͒, and for R = ϱ ͑singlet only͒. These values will also be used in order to extrapolate to infinite systems the singlet-triplet split and the fragmentation energy of the chain ͑see Sec. V͒.
IV. EDGE ORBITALS AND SINGLET-TRIPLET DEGENERACY
The FCI results illustrated in Sec. III can be summarized as follows.
͑1͒ Beryllium equally spaced linear chains have a minimum energy at an internuclear distance of about 4.25 bohr. ͑2͒ The depth of the per-atom energy well increases as a function of the number of atoms in the chain. It increases as a function of the quality of the basis set too, the presence of at least one set of d orbitals being crucial in order to achieve a qualitatively correct description of the bonds. ͑3͒ The first excited state is a triplet. The singlet-triplet energy split is small, and it quickly shrinks to zero for large values of N.
These results can be rationalized by considering the nature and structure of the Be-Be single bonds in these chains. The electronic structure of beryllium chains depends in a critical way on the interatomic distance R. At large distances, the beryllium atoms are essentially isolated atoms in their ground state, and the system is weakly bonded by dispersion ͑or vdW͒ interactions. This fact is confirmed by the structure of the valence orbitals, which are essentially different combinations of the 2s orbitals of the Be atoms. At a distance of about 5.5 bohr, the wave function has a rapid change toward a totally different structure. This is the result of the formation, in the direction of the chain axis ͑say, z͒, of two sp z -hybrid orbitals on each Be atom. In this way, Be-Be single bonds are formed between adjacent atoms. In a Be N chain, these bond orbitals can globally host 2N − 2 out of the TABLE II. Interpolated values from the Be N curves. E S and E T are the singlet and triplet minimum total energies, respectively, while R S and R T are the corresponding equilibrium distances; D S is the singlet fragmentation energy; ⌬ ST is the singlet-triplet adiabatic energy gap. If multiple minima are present, the reported values refer to the one corresponding to the shortest bond length. Distances are in bohr, and energies are in hartree. 2N valence electrons. This leaves the two terminal hybrid orbitals ͑edge orbitals͒ free at the chain ends since they cannot combine with other valence orbitals. The edge orbitals have a higher energy than the bond orbitals that are located in the inner part of the chain. For this reason, the two remaining valence electrons are located in the edge orbitals, leaving them partially filled. Because of the quasidegeneracy of the edge orbitals ͑they are located at the two extremities of the molecule͒ the two unpaired electrons give rise to two quasidegenerate states: a singlet 1 ⌺ g + and a triplet 3 ⌺ u + . The multireference character of the singlet openshell state, as well as the evolution of the wave function nature with respect to the atom-atom distance, can be seen in Fig. 8 . In this figure, the occupation of the FCI natural orbital spin orbitals ͑with the 3s1p basis͒ is reported as a function of the Be-Be distance for different values of N. In particular it appears that, at a distance of about 5.5 bohr, the natural orbitals corresponding to the edge orbitals ͓which correspond to the highest occupied MO ͑HOMO͒ and lowest unoccupied MO ͑LUMO͒ of the SCF calculation͔ experience an important change: at this distance, their occupation numbers go from a closed-shell ͑long distance͒ to an open-shell situation. This behavior is present in all chains and becomes sharper by increasing the value of N. Indeed, in the case of Be 5 , the two edge orbitals at distances close to the equilibrium have an occupation close to 1.
The situation is very much reminiscent of that of a dissociated hydrogen molecule, which presents a similar singlet-triplet degenerate pattern. In beryllium chains, however, the space between the two unpaired electrons is not empty but contains all the nuclei and electrons of the molecule. In particular, all the other valence electrons of the system are located in this region of space. This explains the crucial role of dynamical electron correlation in the energetics of these systems. In particular, the two extreme situations ͑close to the energy minimum and at infinite distance͒ are associated with very different correlation effects. At FCI level the differential correlation effects are described in an exact way ͑within the chosen basis set͒. On the other hand, things are completely different when approximate methods are used, as discussed in a forthcoming paper.
V. LONG-CHAIN EXTRAPOLATION
The per-atom binding energy shows a marked increasing behavior as a function of N. This kind of phenomenon is sometimes interpreted as due to the presence of cooperative effects. In the case of beryllium chains, their presence seems rather unlikely due to the strong covalent nature of the Be-Be bond at the equilibrium distance. In this section, it will be shown how the singlet and triplet energies can be rationalized through a simple phenomenological picture, which does not require the introduction of any cooperative effect. The two ingredients of the scheme are ͑1͒ an antiferromagnetic interaction between the two terminal unpaired electrons of the chain and ͑2͒ a simple additive expression for the chain energy, taking into account the number of Be-Be bonds and the presence of the terminal radical Be·
As will be discussed in a forthcoming paper, this phenomenological scheme can be very useful in order to estimate the binding energy of long chains by performing calculations on the shortest ones. In order to avoid the introduction of further degrees of freedom, we fixed the internuclear distance to the value of R = 4.25 bohr, which is very close to the equilibrium distance. We denote by E S ͑N͒ and E T ͑N͒ the singlet and triplet energies of the Be N chain computed for this value of the distance. The values of E S ͑N͒ and E T ͑N͒, obtained with the different basis sets, are collected in Table III. It is possible to interpret these energies as due to a Heisenberg interaction of antiferromagnetic type J͑N͒ between the two terminal unpaired electrons. In this schema, the energy pattern is the result of a split around a "mean energy" value E ST ͑N͒ due to the presence of the coupling J͑N͒,
and
For the distance dependence of the coupling J͑N͒, a simple exponentially decreasing behavior of the type
is often assumed. In Fig. 9 ͑zoom in Fig. 10͒ , the logarithm of J͑N͒ is plotted against N. Notice that, since R is fixed, N is proportional to the chain length, and hence roughly proportional to the distance between the two unpaired electrons. The linear behavior of the logarithm clearly indicates that J͑N͒ has an exponential decay as a function of the distance.
In the case of the 3s1p basis set, where more points have been computed, we also performed a least squares fitting of the linearized expression for J. The interpolated parameters are J 0 = 0.219 438 hartree, while 1 / = −1.1431. The correlation coefficient is equal to −0.9992, thus confirming a satisfactory linear behavior. The coupling is weakly dependent on the basis set: a very moderate increase in J as the basis set is enlarged can be observed. The main effect appears to be due to the addition of the first set of d orbitals, a fact that is recurrent for this type of systems ͑see the discussion on the fragmentation energy later in this section͒. In any case, by passing from the 3s1p basis set to the 5s3p2d1f one, the value of J increases by about 6% only.
We come now to the problem of the binding energy. The presence of "cooperative effects" has often been evoked in order to explain the strong dependence of the average ͑i.e., per atom͒ potential-energy curve on the number of atoms in the chain. However, it should be noticed that open chains can present important edge effects that are able to induce a similar behavior. In order to elucidate this point, a linear fit of the chain energy was performed by using the following functional form for the E ST ͑N͒ average energy:
Such an expression takes into account a purely local Be-Be energy contribution ͑E Be-Be ͒ proportional to the number of bonds, and a fixed contribution due to the two terminal atoms ͑indicated conventionally by E ·Be· ͒. The term E Be-Be is to be multiplied by N −1 ͑the number of Be-Be bonds͒, while E ·Be· describes the singlet-triplet averaged effect of the two terminal electrons. Notice that this is the simplest expression that can be used for a finite linear chain, and it clearly does not include any cooperative effect.
In Table IV , fitted energies obtained by using four different basis sets are reported. For the sake of comparison, the isolated-atom energy E Be: obtained at the same level of calculation is also reported. With the smallest basis set, it was possible to use two different sets of values of N to extract the infinite-chain parameters. In this case we also performed a least square fitting using the E ST values computed for N =2,3,4,5. By comparing the values obtained with N =2,3, N =4,5, and the least squares fitting with the complete set, one can see a remarkable stability of E Be-Be and E ·Be· , regardless of the values of N used to extract the parameters. The least squares fitting shows a really high correlation, the correlation coefficient being equal to −0.999 999 998. Moreover the deviation from computed and ͑least square͒ interpolated values of E ST is really negligible, being of the order of 7 ϫ 10 −4 hartree for all the points. These facts clearly indicate the absence of any important cooperative effect in the chain energy. Figure 11 shows the fitted energies as a function of N ͑considered as a real parameter͒, obtained with the smallest basis set 3s1p. In the same figure we also report the values of the computed E ST and the values of the singlet and triplet energies obtained by the interpolated values of E ST and the least square fitted values of J, following Eqs. ͑1͒ and ͑2͒. The high agreement is again a confirmation of the validity of our interpolation scheme as well as of the exponential behavior of J. By using the fitted value of the bond energy E Be-Be and the atomic energy E Be: , it is possible to estimate the fragmentation energy ͑per atom͒ of the infinite chain. The fragmentation energy is given by D ϱ = E Be: − E Be-Be . The absence of cooperative effects means that it is possible to use small clusters in order to get a reliable estimation of the fragmentation energy of the infinite chain. This is a remarkable result, especially if one considers the fact that the fragmentation energy of short chains has a completely different value from the corresponding infinite-system limit.
The fragmentation energy turns out to be extremely sensitive to the basis set used to compute it. From Table IV , it appears that D ϱ strongly increases by passing from the smallest basis sets to the largest ones. In particular, the presence of at least one set of d orbitals appears to be crucial to stabilize the result. This fact agrees with the behavior already observed in the case of Be 2 and seems to indicate the presence of an important dynamical correlation close to equilibrium distances of these systems. The value for D ϱ obtained with the 3s1p basis set is less than one-half than the corresponding value with the 5s3p2d orbitals.
VI. CONCLUSIONS
We presented a FCI study of Be N ͑N =2-5͒ open chains. Beryllium equally spaced linear chains have a minimum energy at an internuclear distance of about 4.25 bohr. The minimum is due to the formation, close to the equilibrium distance, of N − 1 Be-Be single bonds. These bonds can be understood as coming from sp-hybrid AOs. The depth of the per-atom energy well increases as a function of the number of atoms in the chain. This fact, however, is not due to cooperative effects but comes from the ratio ͑N −1͒ / N between the number of bonds and atoms in a chain. The energy well increases also as a function of the quality of the basis set, the presence of at least one set of d orbitals being crucial in order to achieve a qualitatively correct description of the bonds.
Two dangling sp orbitals are left, so beryllium linear chains present two quasidegenerate edge orbitals located at the chain extremities. This represents a nice illustration of the surface states predicted by Tamm and Shockley long ago. Although beryllium is likely to have a limited technological impact, a similar behavior is expected for magnesium, cal-cium, and the other elements of group 2. Moreover, preliminary calculations on mercury indicate that these features could be shared also by metals of group 12. Therefore, the properties described in this work can be expected from a rather large group of metals. Investigations are on the way in order to determine the equilibrium geometries of these systems. The presence of these edge orbitals has several interesting consequences.
• The two quasidegenerate orbitals, one above and one below the Fermi level, globally host two electrons. This produces one singlet quasidegenerate state and one triplet quasidegenerate state, whose splitting quickly decreases when the chain length increases.
• The existence of ionic low-lying states is also expected. Therefore, the properties of the system in the presence of magnetic or electric fields are worth to be investigated as well as the effect of the spin-orbit coupling on these states.
• Positive ions can be obtained by extracting one electron from the system. Because of geometry distortion, such a hole will tend to localize in one of the edge orbitals. For this reason, sufficiently long chains can lower the system symmetry and give rise to bistable systems.
These aspects will be considered in detail in future works. We plan also to perform a systematic investigation concerning the other metals of groups 2 and 12. From a methodological point of view, these systems represent a very stringent test for different approximated methods ͑such as CI, coupled cluster, perturbation theory, etc.͒ because of the difficulty of computing accurate values for both the singlet-triplet splitting and the fragmentation energy. In fact, the singlet-triplet split is extremely small, and different approximated methods give totally different values. The fragmentation energy, on the other hand, requires a well balanced description of the two different geometries, i.e., both at short and long distances. Although a CAS-SCF description is in principle able to give a correct description of these systems, it is extremely difficult to obtain a consistent set of orbitals at the different distances.
Experimentally, edifices showing this structure could perhaps be realized by deposing beryllium atoms on an inert surface. A further possibility could be to host such atomic chains within a hollow structure, such as, for instance, a nanotube. In this case, the steric constraint of the tube would prevent the collapse of the chain into compact more stable structures. Work is in progress to investigate the effects of the hosting species on the electronic structure of the chains.
